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Abstract

Background Indoor air pollution causes severe psychological stress and promotes depression. A better
understanding of the impact of solid fuel consumption and socioeconomic indicators on mental health is critical to
promote successful aging. In this study, we analyzed the relationship of depression with socioeconomic status (SES)
and solid fuel use, and illustrated the mediating role of solid fuel use in the relationship between SES and depression.

Methods 9250 participants from the 2018 wave of the Chinese Longitudinal Healthy Longevity Survey were included
in this study. A logistic regression analysis was used to calculate odds ratio (OR) and 95% confidence interval (Cl) of
depression for different types of fuel consumption. The stepwise approach and the Sobel test were used to test the
mediation effect.

Results Older people who reported the consumption of solid fuels showed higher odds of having depressive
symptoms (OR=1.16,95% CI:1.03, 1.31). In model with depression as the outcome variable, the ORs of low education
level and low annual household income level were 1.30 (95% Cl: 1.15, 1.47) and 1.43 (95% Cl: 1.28, 1.59) respectively.
Solid fuel consumption accounted for 38.40% of the effect of a low education level and 54.73% of the effect of low
income on depression.

Conclusions Solid fuel use and SES are associated with depression, and solid fuel use may act as a potential mediator
connecting socioeconomic indicators and depression.
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Introduction

Ambient air pollution is increasingly seen as a severe
public health issue, particularly indoor air pollution
in developing countries [1]. It ranks among the top five
mortality risk factors in countries with developing econo-
mies such as China [2]. At present, the impact of outdoor
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used by 2.4 billion people [4]. For cooking and heating,
rural Chinese people mostly rely on solid fuels, which
account for 61% and 15% of total energy use, respectively
[5]. Therefore, for the health of Chinese residents, indoor
air pollution generated by solid fuel combustion is an
inevitable hazard.

The aging of the global population is accelerating rap-
idly. Predictions indicate that in 2050, the number of
people over 65 years of age will reach 400 million, and
the number of people over 80 years of age will reach
150 million [6]. As one of the countries with the fastest
aging population in the world, China had 0.191 billion
elderly people aged 65 and above, accounting for 13.5%
of China’s total population in 2020 [7]. A core issue in the
process of aging is age-related health problems [8]. With
increasing age, in addition to the rise in comorbidities,
older adults are also considered to have the possibility
of developing depression and anxiety [9]. Depression is
a major public health problem affecting older people in
China. One study showed that 20.3% of older individuals
in China suffer from depression [10], which places a seri-
ous burden on families and society. Additionally, depres-
sion accompanies lower cognition, physical performance,
and social capabilities [11].

There are four studies evaluating the link between
depression and indoor solid fuel consumption [12-15].
Incomplete combustion of solid fuels leads to increased
emissions of pollutants such as carbon monoxide and
particulate matter (PM) [16], and these substances may
increase the risk of mental disorders such as depression
through cerebrovascular injury, oxidative stress, neuro-
inflammation or neurodegeneration [17-20]. SES is an
important factor influencing indoor air pollution expo-
sure [21], and people with low household incomes or
low levels of education have higher indoor air pollution
exposure [22]. Clean fuels are typically more expensive
relative to solid fuels [23], so people with low SES may
prefer cheaper options. SES is also associated with mental
health vulnerability. In low SES groups, the combination
of risk factors such as greater exposure to adversity, less
social support and fewer resources to cope with stress
can lead to more severe depressive outcomes [24—26].
On the one hand, solid fuel consumption is influenced
by SES, and on the other hand, the prevalence of depres-
sion is associated with solid fuel consumption. However,
the relationship among solid fuel consumption, SES, and
depression remains unclear. Recent research [27] has
reported on the mediating role of solid fuel consumption
in cardiovascular disease risk associated with SES. There-
fore, we speculated that there may be a similar associa-
tion among solid fuel consumption, SES, and depression.
This study estimated the association of depression with
solid fuel use and SES, and the mediating role of solid
fuel use in the relationship between SES and depression.
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Methods

Study population

We employed data from the eighth wave (the most recent
survey in 2018) of the Chinese Longitudinal Healthy Lon-
gevity Survey (CLHLS), which was conducted in approxi-
mately 630 counties/cities throughout 22 mainland
Chinese provinces. Using a standardized questionnaire,
trained investigators gathered data on demographic fac-
tors, lifestyle behaviors, and health status. Face-to-face
interviews were performed at the participants’ homes.
Investigators assisted illiterate individuals in completing
the questionnaire. More detailed information about the
CLHLS is available elsewhere [28].

In the survey, 15,874 participants were interviewed. For
our analysis, 6449 participants were excluded because of
missing data on depression (3414), cooking fuels (406),
years of schooling (1754), annual household income
(818), and age<65 years (57). Participants classified as
“others” were omitted from the cooking fuel subgroup of
the study to avoid obscuring the results. Finally, a total
of 9250 older adults were included in the study. Figure 1
depicts the research participant inclusion and exclusion
process in this investigation. The missing participants
were more likely to be female; aged 80 years or above;
live in rural areas; be divorced or widowed; not smoke,
drink, play cards, participate in social activities or travel;
eat fruits and vegetables more often; have a normal body
mass index (BMI); and not have hypertension, diabetes,
heart disease, or stroke.

Definition of primary variables

The type of fuel consumed was measured by using one
question: “Which fuels are commonly used for cooking in
your home?” The responses included solid fuel (e.g., char-
coal, firewood, and straw), clean fuel (e.g., electricity, gas
and solar energy), never cooking at home and other types
of fuel. Those who reported never cooking or reported
using other types of fuel at home were categorized as
“others”

Income and education level were the two main socio-
economic indicators considered in our research. The
CLHLS collected the specific years of schooling and
annual household income of each participant. To sim-
plify the mediation analysis, we classified education level
into “no school” and “1 year or more” According to the
median of all samples, the annual household income
(yuan) was divided into “<30 000” and “>30 000”.

In this investigation, depressive symptoms were
assessed with the 10-item Center for Epidemiologic Stud-
ies Depression Scale (CES-D-10) [29]. The responses
were categorized into four categories, “rarely’, “some
days’, “sometimes’, and “most of the time’, and corre-
spondingly coded as 0, 1, 2 and 3. However, the responses
to two positive questions, i.e., “I was glad” and “I felt
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Longevity Survey (CLHLS)
n=15874

Participants at 2018 wave of the Chinese Longitudinal Healthy

Missing or incomplete information in depressive
symptoms (n=3414) and fuels (n=406)

n=12054 participants

n=2629 participants excluded due to:
Missing data on years of education (n=1754)
Missing data on family income (n=818)
Younger than 65 (n=57)

‘ n=9425 participants

>

Participants using other fuels (n=175)

| n=9250 participants

Fig. 1 Flow chart of the selection of study participants

hopeful about the future’, were reverse coded. The CES-
D-10 total score ranges from 0 to 30, and the higher the
score is, the more serious the depression. If an individual
receives a score of more than 10, he or she is deemed to
have depressive symptoms. This 10-point cutoff has been
frequently utilized in earlier studies [14, 30] and has been
well validated in the evaluation of depression in Chi-
nese older adults, independent of age or dementia status
[31-32].

Definitions of other variables

Based on previous studies [33-35], demographic vari-
ables, lifestyle behaviors, and health status may be
potential confounding factors, and we included them
as covariates in the analysis. Demographic variables
included age, sex (“men” and “women”), residence sta-
tus (“urban area” and “rural area”), and marital status
“married’; “unmarried’, “divorced/widowed”). Lifestyle
behaviors included smoking status, drinking status, play-
ing cards status, participation in social activities (“yes”
and “no”), ventilation status (according to participants’
responses to the question “Ventilation of the kitchen
when cooking at home’, ventilation situation was defined
as “no” for participants who did not take ventilation mea-
sures, “yes” for participants who took ventilation with
hoods, exhaust fans and open windows, and “unknown”
for those who did not know about ventilation), tour-
ism status (classified into “0” or “>1 time” according to a
participant’s response to the question “How many trips
outside of your home city/county have you made in the

past two years?”), exercise status (“yes” and “no”) and
the consumption of fresh fruits and vegetables (“almost
or quite often’, “occasionally” and “rarely or never”). The
health status included BMI (kg/m?) and self-reported his-
tory of diseases, which included hypertension, diabetes,
heart diseases, and stroke (“yes’, “no” and “unknown”).
According to their BMI, participants were defined as
“underweight (<18.5 kg/m?)’, “normal (18-23.9 kg/m?)’,

“overweight (24—27.9 kg/m?)’, and “obese (=28 kg/m?)”,

Statistical analysis
Statistical analysis was conducted with SPSS 17.0 and
Stata v16.0. Categorical data were described using num-
bers and percentages, continuous data were described
using mean and standard deviation (SD), and chi-square
test or two-sample ¢ test were employed to verify their
differences in fuel consumption across participant char-
acteristics, respectively. A logistic regression analysis was
utilized to estimate the odds ratios (ORs) of depressive
symptoms for solid fuel consumption (clean fuel as the
reference group). Effects of education and income lev-
els on depression separately after adjusted age, sex, body
mass index, smoking status, marital status, alcohol status,
residence status, tourism status, exercise status, playing
cards status, participation in social activities, ventilation
status, consumption of fresh fruit and vegetables, and
self-reported history of diseases.

We assumed that some variables were the true reason
for the elevated risks of depression among solid fuel con-
sumers. Solid fuel consumption was another consequence
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of this real cause and thus served as a “bridge” in the
crude model. Hence, we constructed a causal relationship
using two possible SES parameters (annual household
income and education level). The overall effect of SES
on depression, the influence of SES on solid fuel usage,
and the effect of solid fuel consumption on depression
were all estimated using logistic regression in the media-
tion analysis. The stepwise technique [36], of which more
details are shown in the Supplementary file (the second
part), was employed to determine whether solid fuel
consumption acts as a mediator between socioeconomic
position and depression. In addition, the Sobel test [37]
was used to ensure that we did not overlook any poten-
tial mediator effects and to give us additional confidence
in our findings. A Z-score was calculated to assess the
mediation effect for categorical variables (Supplementary
file, Eq. 4).

To assess the robustness of our results, we also per-
formed some additional sensitivity analyses. A 12-point
cutoff of the CES-D-10 has also been used to identify
clinical depression in older Chinese people in some pre-
vious studies [38]. Therefore, we repeated all analyses
with 12 as the cutoff value. Statistical significance was
defined as a two-sided P value threshold of 0.05.

Results

Basic characteristics of the participants

Table 1 shows the participants’ characteristics in the 2018
wave of the CLHLS based on the type of fuel they uti-
lized. The average age of participants is 82.9 years with
SD of 11.4 years, of which 53.90% are women. A total of
71.80% of the older people consumed clean fuel, 28.20%
consumed solid fuels. Among the participants who con-
sumed clean fuels, 61.87% had one year of school expe-
rience or more, and 58.96% had an annual household
income of more than 30 000 yuan. Among those who
consumed solid fuels, 56.22% had no school experience,
and 79.07% had an annual household income of 30 000
yuan or less.

Associations of depression with solid fuel consumption

Older people who consumed solid fuels had a higher
risk (OR=1.55, 95% CI: 1.41, 1.71) of having depressive
symptoms in the crude model (Table 2A), and this asso-
ciation still existed (OR=1.16, 95% CI: 1.03, 1.31) after
adjustment for covariables (age, sex, smoking status,
drinking status, marital status, residence status, ventila-
tion status, tourism status, exercise status, playing cards
status, participation in social activities, consumption of
fresh fruits and vegetables, BMI, self-reported history
of diseases, household income and education level). We
further conducted a sensitivity analysis using 12-point
instead of 10-point as the cutoff for identifying depres-
sion (Table 2B), and this positive association did not
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change (OR=1.55, 95% CI: 1.38, 1.75 in the crude model;
OR=1.19, 95% CI: 1.04, 1.37 in the final model).

The mediating role of fuel consumption in the relationship
between socioeconomic status and depression

Among those who cooked on a regular basis, there were
considerable links between poor socioeconomic status
and depression. In the final model with depression as the
outcome variable, the ORs of low education level and low
annual household income level were 1.30 (95% CI: 1.15,
1.47) and 1.43 (95% CI: 1.28, 1.59) respectively (Table 3).
We discovered a robust link between the consumption
of solid fuels and depression. As a result, solid fuel con-
sumption acted as a mediator in the influence of SES on
depression, considering the requirements of a stepwise
procedure. Based on the Sobel test, we came to the same
conclusion. In the model with depression as the outcome
variable, the Z-statistics of education level and annual
household income level were —3.10 and —2.34, respec-
tively (both less than —1.96). The mediating effect of solid
fuel consumption accounted for 38.40% of the full effect
of a low education level on depression and 54.73% of the
full effect of poverty on depression (Table 4). The coeffi-
cients of all covariates in the mediation model are shown
in Table S1 of the Supplementary file.

When using 12 as the cutoff value, the mediating effect
still existed. The model’s Z-statistics using depression as
the outcome variable were —2.90 and —2.24, respectively.
The mediating effects of low education and income levels
on the total effect of depression were 59.29% and 67.10%,
respectively (Table 4).

Discussion

Solid fuels are the primary source of indoor air pollution.
In economically deprived places, such as rural commu-
nities, the consumption of solid fuel can be more com-
mon. Harmful chemicals and particles released by solid
fuel combustion affect our physical and mental health. It
is crucial to investigate the links between household fuel
consumption and depression. In keeping with the results
of existing studies [12—15], we discovered that solid fuel
consumers were more likely to be depressed than clean
fuel consumers. And we found that low SES was linked
to high solid fuel consumption, which in turn was linked
to more symptoms of depression. Using the stepwise
method and the Sobel test, we found that solid fuel con-
sumption was a mediator of socioeconomic status and
the incidence of depression.

Solid fuel combustion produces significantly higher
levels of gas pollutants, which have linked to depression,
than clean fuel combustion. A lack of dopamine in the
central nervous system is associated with depression [39],
and oxidative stress caused by air pollution leads to the
death of dopamine neurons [18]. Higher PM exposure
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Table 1 Characteristics of the study participants

Characteristics n Clean fuel Biomass fuel P value for
difference

Total 9250 6637(71.8) 2613(28.2)

Age (mean+SD) 829+114 829+114 830113 0617

Sex

Men 4265(46.1) 3108(72.9) 1157(27.1) 0.027

Women 4985(53.9) 3529(70.8) 1456(29.2)

Education

No school 4000(43.2) 2531(63.3) 1469(36.7) <0.001

1 year or more 5250(56.8) 4106(78.2) 1144(21.8)

Residence status

Urban area 1582(17.5) 1488(94.1) 94(5.9) <0.001

Rural area 7479(82.5) 5014(67.0) 2465(33.0)

Annual household income (yuan)

<30 000 4779(51.7) 2724(57.0) 2055(43.0) <0.001

>30 000 4471(48.3) 3913(87.5) 558(12.5)

Marital status

Unmarried 59(0.6) 36(61.0) 23(39.0) 0.040

Married 4512(49.2) 3204(71.0) 1308(29.0)

Divorced/ Widowed 4607(50.2) 3347(72.7) 1260(27.3)

Smoking status

Yes 1512(16.5) 1021(67.5) 491(32.5) <0.001

No 7653(83.5) 5547(72.5) 2106(27.5)

Drinking status

Yes 1406(15.4) 969(68.9) 437(31.1) 0.009

No 7701(84.6) 5570(72.3) 2131(27.7)

Ventilation status

Yes 8450(91.4) 6235(73.8) 2215(26.2) <0.001

No 783(8.5) 394(50.3) 389(49.7)

unknown 16(0.2) 7(43.8) 9(56.3)

Participate in social activities

Yes 917(9.9) 794(86.6) 123(13.4) <0.001

No 8333(90.1) 5843(70.1) 2490(29.9)

Play cards status

Yes 1459(15.8) 1130(77.5) 329(22.5) <0.001

No 7791(84.2) 5507(70.7) 2284(29.3)

Exercise status

Yes 3257(35.7) 2647(81.3) 610(18.7) <0.001

No 5879(64.3) 3903(66.4) 1976(33.6)

Tourism status

>1 times 1400(15.1) 1227(87.6) 173(12.4) <0.001

0 7850(84.9) 5410(68.9) 2440(31.1)

Fresh fruit

Almost or quite often 4434(47.9) 3532(79.7) 902(20.3) <0.001

Occasionally 2697(29.2) 1781(66.0) 916(34.0)

Rarely or never 2119(22.9) 1324(62.5) 795(37.5)

Vegetables

Almost or quite often 8380(90.61) 6078(72.5) 2302(27.5) <0.001

Occasionally 607(6.6) 381(62.8) 226(37.2)

Rarely or never 2663(2.8) 178(67.7) 85(32.3)

Body mass index (kg/m2)
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Table 1 (continued)

Characteristics n Clean fuel Biomass fuel P value for
difference

Underweight (< 18.5) 1483(16.1) 982(66.2) 501(33.8) <0.001

Normal (18.5-23.9) 593(49.8) 3185(69.3) 1408(30.7)

Overweight (24-27.9) 2304(25.0) 1779(77.2) 525(22.8)

Obese (>28) 844(9.2) 669(79.3) 175(20.7)

Hypertension

Yes 3991(43.2) 3057(76.6) 934(23.4) <0.001

No 4643(50.2) 3154(67.9) 1489(32.1)

Unknown 614(6.6) 425(69.2) 189(30.8)

Diabetes

Yes 998(10.8) 840(84.2) 158(15.8) <0.001

No 7273(78.6) 5127(70.5) 2146(29.5)

Unknown 977(10.6) 668(68.4) 309(31.6)

Heart diseases

Yes 1608(17.4) 1298(80.7) 310(19.3) <0.001

No 6700(72.4) 4696(70.1) 2004(29.9)

Unknown 940(10.2) 641(68.2) 299(31.8)

Stroke

Yes 980(10.6) 760(77.6) 220(22.4) <0.001

No 7267(78.6) 5187(71.4) 2080(28.6)

Unknown 1003(10.8) 690(68.8) 313(31.2)

Table 2 Odds ratio (95% Cl) of depression with solid fuel

Table 3 Odds ratio (95% Cl) of depression with socioeconomic

consumption status

Clean fuel Solid fuel P CES-D- CES-D-
A CES-D-10(cut-off value=10) 10(cut-off  12(cut-off
Model 12 Reference  1.55(141,1.71)  <0.001 value=10) value=12)
Model 2° Reference  149(135,165) <0.001 Education
Model 3¢ Reference  1.28(1.14,143)  <0.001 1 year or more Reference
Model 4° Reference  1.16(1.03,131) 0013 No school ® 1300115, 121(1.05,
B CES-D-10(cut-off value=12) 147) 140)
Model 1 Reference  1.55(138,1.75)  <0.001 Annual Household Income
Model 2 Reference  149(132,1.67) <0.001 Above 30,000 yuan/year Reference
Model 3 Reference  129(1.13148) <0001 Celow 30000 yuan/year® 1 "5‘;)“ 28, 122)“ 22
Model 4 Reference  1.19(1041.37) 0014 CES-D, Center for Epidemiological Studies Depression Scale
CES-D, Center for Epidemiological Studies Depression Scale 20dds ratio and 95% Cl. The model was adjusted for age, sex, body mass index,
? Not adjusted smoking status, marital status, alcohol status, residence status, tourism status,

b Adjusted for ventilation status

¢ Adjusted for age, sex, body mass index, smoking status, marital status, alcohol
status, residence status, tourism status, exercise status, playing cards status,
participation in social activities, consumption of fresh fruit and vegetables, and
self-reported history of diseases based on Model 2

d Adjusted for annual household income and education level based on Model 3

may induce metabolic alterations that are consistent with
the activation of the hypothalamus-pituitary-adrenal
axis, which stimulates the synthesis and release of cor-
tisol [40]. Research shows that cortisol is related to the
development of depression [41]. Animal studies have also
shown that reduced plasma tryptophan levels are associ-
ated with air pollutants [42]. A decrease in tryptophan
levels reduces serotonin synthesis [39]. Serotonin levels
are inversely associated with depression risk [43].

exercise status, playing cards status, participation in social activities, ventilation
status, consumption of fresh fruit and vegetables, and self-reported history of
diseases

The socioeconomic status of a population is a key and
decisive factor in choosing the type of daily fuel con-
sumed, especially in rural areas [44]. Socioeconomic
development in low- and middle-income countries may
be an important driver of the decline in biomass use [45].
At the same time, people’s socioeconomic status deter-
mines their access to social resources and the diversity
of their food choices. According to Das et al., as house-
hold income increases, the possibility of choosing clean
cooking fuels over solid fuels increases [46]. Moreover,
Ouedraogo [47] revealed that a household’s desire to
consumption clean energy is influenced by educational
standing.
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Table 4 The mediating effect of solid fuel on the association
between socioeconomic status and depression

CES-D- CES-D-
10(cut-off 12(cut-off
value=10) value=12)

Education

C -0.25 -0.17

a -048 -0.48

b 0.20 0.21

c -0.23 -0.15

Zab for Sobel-test -3.10 -2.90

Mediation effect percentage 38.40% 59.29%

Annual Household Income

C -033 -0.31

a -1.30 -1.30

b 0.14 0.16

c -0.29 -0.27

Zab for Sobel-test -2.34 -2.24

Mediation effect percentage 54.73% 67.10%

CES-D, Center for Epidemiological Studies Depression Scale

c: regression coefficient of socioeconomic status on depression in Eq. 1 of the
supplementary file

a: regression coefficient of socioeconomic status on solid fuel in Eq. 2 of the
supplementary file

b: regression coefficients of solid fuel on depression in Eq. 3 of the
supplementary file

c: regression coefficients of socioeconomic status on depression in Eq. 3 of the
supplementary file

Zab for Sobel-test was calculated according to Eq. 4 of the supplementary file

Mediation effect percentage was defined as the role of fuel type in the effect of
socioeconomic status on depression and was calculated according to Eq. 5 of
the supplementary file

There is a link between SES and depression in older
adults. A study examining socioeconomic variables and
depression in older adults in six low- and middle-income
countries suggested that both social and economic fac-
tors play an important role in the onset, diagnosis, man-
agement and prevention of depression in older adults
[48]. Gallo and Matthews’ theoretical framework indi-
cates that having a low SES lowers an individual’s ability
to regulate stress, making them more vulnerable to nega-
tive feelings and thoughts [49]. It has also been argued
that having a higher SES encourages interpersonal ties
and social networks, which may help to lessen the occur-
rence of depressive symptoms [50]. Studies have shown
that having a low socioeconomic status increases lone-
liness [51] and loneliness has been linked to depression
[52]. Individuals with higher income were able to avoid
hazard factors and adverse exposure [53]. High levels
of education may boost human capability and personal
capital [54] while also lowering dangerous behaviors and
poor lifestyle habits [55, 56], thereby reducing the risk of
depression.
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Strengths and limitations

To our knowledge, our research is the first to investigate
the role of the mediating effect of solid fuel consumption
on the relationship between SES and depression by using
a large and nationally representative sample of older
people. However, there are also several limitations to our
study. First, this study only collected data on fuel con-
sumption type, and did not collect data on the frequency
of consumption, blended fuel consumption or furnace
use, which could not be assessed. Second, this study
focused on older Chinese individuals, and it is prudent
that the result be extended to other populations or coun-
tries/regions. Third, differences in demographic charac-
teristics, lifestyle behaviors and health status between
the missing participants and study participants may have
influenced our results. Fourth, the specific type of ven-
tilation system used was not investigated in this study.
Traditional Chinese kitchen ventilation systems tend to
include a chimney and a smoke ventilator, and the effects
of the ventilation system type may be obscured [57]. Fifth,
the mediation method used in this study has some limita-
tions and the precision of the test may be relatively low
[58]. Sixth, this study did not observe the effect of cook-
ing on depression, and further study is needed to explore
this relationship in the future. Finally, the cross-sectional
data were used to explore the correlation among socio-
economic status, solid fuel consumption and depression
in older adults but not causality in our study. Further
cohort studies are needed to examine causality.

Conclusion

Our findings suggest that the use of solid fuels is sig-
nificantly associated with greater odds of depression in
older Chinese adults, and that SES is also associated with
depression. Solid fuel use may mediate the relationship
between SES and depression.

Abbreviations

CLHLS Chinese Longitudinal Healthy Longevity Survey
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PM Particulate matter
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